Tauopathies consist of intracellular accumulation of hyperphosphorylated and aggregated microtubule protein tau, which remains a histopathological feature of Alzheimer's disease (AD) and frontotemporal dementia. l-Arginine is a semi-essential amino acid with a number of bioactive molecules. Its downstream metabolites putrescine, spermidine, and spermine (polyamines) are critically involved in microtubule assembly and stabilization. Recent evidence implicates altered arginine metabolism in the pathogenesis of AD. Using high-performance liquid chromatographic and mass spectrometric assays, the present study systematically determined the tissue concentrations of l-arginine and its nine downstream metabolites in the frontal cortex, hippocampus, parahippocampal region, striatum, thalamus, and cerebellum in male PS19 mice-bearing human tau P301S mutation at 4, 8, and 12-14 months of age. As compared to their wild-type littermates, PS19 mice displayed early and/or prolonged increases in l-ornithine and altered polyamine levels with age. There were also genotype-and age-related changes in l-arginine, l-citrulline, glutamine, glutamate, and γ-aminobutyric acid in a region-and/or chemical-specific manner. The results demonstrate altered brain arginine metabolism in PS19 mice with the most striking changes in l-ornithine, polyamines, and glutamate, indicating a shift of l-arginine metabolism to favor the arginase-polyamine pathway. Given the role of polyamines in maintaining microtubule stability, the functional significance of these changes remains to be explored in future research.
Introduction
Tauopathies consist of intracellular accumulation of hyperphosphorylated and aggregated microtubule protein tau. Abnormal tau deposits remain a prominent histopathological feature for several neurodegenerative disorders, such as Alzheimer's disease (AD) and frontotemporal dementia (FTD). AD is characterized behaviorally by progressive memory loss in aged individuals with the presence of extracellular amyloid plaques in the affected brain regions (Castellani et al. 2010) . FTD often affects individuals younger than 65 years with frontotemporal lobar degeneration (Cairns et al. 2007) . It has been shown that multiple 1 3 pathogenic mutations in microtubule-associated protein tau (MAPT) are associated with diverse FTD syndromes, indicating the specific contribution of tau abnormalities to frontotemporal lobar degeneration (Irwin et al. 2015) . Experimentally, transgenic mouse lines bearing the MAPT P301 mutation have been used to mimic human frontotemporal lobar degeneration (Yoshiyama et al. 2007; López-González et al. 2015) .
l-Arginine is a semi-essential amino acid that can be metabolized enzymatically to produce several bioactive molecules (Wu and Morris 1998; Fig. 1) . Nitric oxide synthase (NOS), for example, converts l-arginine to l-citrulline and a gaseous molecule nitric oxide (NO). In the brain, NO derived from neuronal and endothelial NOS (nNOS and eNOS, respectively) is vital for synaptic plasticity, learning, and memory, and has an important role in maintaining cerebral blood flow (Esplugues 2002) . Excessive production of NO derived from inducible NOS (iNOS), however, can lead to neurotoxicity and neurodegeneration (Calabrese et al. 2007) . Arginase (arginases I and II) metabolizes l-arginine to form l-ornithine with urea as a by-product. l-ornithine is further metabolized by ornithine decarboxylase (ODC) to produce putrescine, but can also be channelled to produce glutamate, glutamine and γ-aminobutyric acid (GABA) (Wu and Morris 1998) . It has been well documented that physiological concentrations of polyamines (putrescine, spermidine, and spermine) are essential in maintaining normal cellular function (Williams 1997; Wu and Morris 1998; Wallace et al. 2003; Bae et al. 2018) . Arginine decarboxylase (ADC) converts l-arginine to agmatine, which is further metabolized by agmatinase to form putrescine. Li et al. (1994) first reported the presence of agmatine and its biosynthetic enzyme ADC in the brain. Endogenous agmatine has been considered a novel putative neurotransmitter Fig. 1 Arginine metabolic pathways. l-Arginine can be metabolized by nitric oxide synthase (NOS), arginase and arginine decarboxylase (ADC) to form a number of bioactive molecules (see text for detailed description). We found genotype-and age-related increases in l-ornithine and putrescine (indicated by the red letters and short red arrows), but decreases in glutamate (indicated by the green letter and short green arrow) in the brain of PS19 mice, suggesting a shift of arginine metabolism towards the arginase and polyamine system (indicated by the long red arrows). ASL argininosuccinate lyase, ASS argininosuccinate synthetase, eNOS endothelial nitric oxide synthase, GABA γ-aminobutyric acid, iNOS inducible NOS, nNOS neuronal NOS, NO nitric oxide, ODC ornithine decarboxylase, PAO polyamine oxidase, SMOX spermine oxidase, SPDS spermidine synthase, SPMS spermine synthase, SSAT spermidine/ spermine N-acetyltransferase (for reviews, see Reis and Regunathan 2000; Piletz et al. 2013) . Recent research has demonstrated learning-induced increases in agmatine in memory-related brain structures at the gross tissue, synaptic terminal, and extracellular levels (Liu et al. 2008 (Liu et al. , 2009 Leitch et al. 2011; Seo et al. 2011; Rushaidhi et al. 2013) , suggesting the involvement of endogenous agmatine in learning and memory processes. Moreover, agmatine has an important role in regulating the production of NO and polyamines via its influences on NOS and ODC (Piletz et al. 2013) . Recent human post-mortem brain tissue research has shown altered arginine metabolism in AD brains. In the study of Liu et al. (2014) , for example, there were markedly increased total arginase activity and arginase II protein expression, but dramatically decreased total NOS activity, nNOS and eNOS expression, reduced l-ornithine, agmatine and polyamine levels, and intensively labelled iNOS-immunoreactive neurons and astrocytic clusters in the AD hippocampus and superior frontal gyrus, the brain structures that are affected severely by the disease. Inoue et al. (2013) , however, found increased polyamine levels in the AD frontal and occipital lobes. It is currently unclear whether the differences in race (Caucasian vs Asian), age and/or brain region examined contribute to the discrepancy in polyamine data between the two studies. Nevertheless, the existing human tissue work suggests the potential contribution of altered arginine metabolism to the neuropathology and cognitive impairments in AD.
To date, very little if any data show how arginine metabolism changes in the brain of FTD patients. Using rTg4510 mice bearing the human tau P301L mutation, Hunt et al. (2015a) demonstrated that sustained arginase I overexpression over a 4-month period from the beginning of brain tau deposition markedly reduced tau pathology and several kinases capable of phosphorylating tau and mitigated hippocampal atrophy in this mouse model of forebrain tauopathy. It has been shown that polyamines are critically involved in microtubule assembly and stabilization (Savarin et al. 2010; Hamon et al. 2011; Song et al. 2013) , and the high-order polyamine spermine increases the acetylation of microtubules and facilitates autophagic degradation of prion aggregates (Phadwal et al. 2018) . Moreover, our recent preliminary work demonstrated that polyamines (spermine in particular) decreased tau aggregation and promoted microtubule assembly (Hunt et al. 2015b ). The findings of Hunt et al. (2015a) , therefore, suggest that the arginase-polyamine system might be affected in tauopathies and shifting l-arginine metabolism to favor the polyamine pathway might curtail tau pathology, which may explain the beneficial effects of arginase I overexpression (hence increased polyamine production). However, it is currently unknown how brain arginine metabolism changes in mice bearing the human tau P301 mutation. PS19 mice express P301S mutant tau, and have been used to model human frontotemporal lobar degeneration (López-González et al. 2015) . These mice display filamentous tau lesions at 6 months of age, and show striking neuronal loss and cortical and hippocampal atrophy at 9-12 months of age (Yoshiyama et al. 2007 ). Remarkably, synapse loss and synaptic dysfunction in the hippocampus are evident in PS19 mice at 3 months of age, even prior to the formation of fibrillary tau tangles (Yoshiyama et al. 2007) . Given the role of polyamines in maintaining microtubule stability and degrading protein aggregates (Savarin et al. 2010; Hamon et al. 2011; Song et al. 2013; Phadwal et al. 2018) , we hypothesized that this could be due, in part, to alterations in brain arginine metabolism (polyamines in particular) in PS19 mice. To test this hypothesis, the present study systematically determined the time course of the arginine metabolic profile changes in the frontal cortex, hippocampus, parahippocampal region, striatum, thalamus, and cerebellum of PS19 mice at 4, 8, and 12-14 months of age.
Materials and methods

Animals
The present study used male P301S tau transgenic (PS19) mice [B6;C3-Tg(Prnp-MAPT*P301S)PS19Vle/J; stock number: 008169] that expressed the P301S mutant form of human microtubule-associated protein tau and their sexmatched wild-type littermates at 4 (n = 8/genotype), 8 (n = 8/ genotype), and 12-14 (WT: n = 11, PS19: n = 8) months of age. The reason for using the males only in the present study was because male PS19 mice develop tau pathology more consistently and robustly relative to the females based on information from the Jackson Laboratory and earlier research Sankaranarayanan et al. 2015) . All animals were housed individually, maintained on a 12-h light/dark cycle (lights on at 6 AM), and provided ad libitum access to food and water. All experimental procedures were carried out in accordance with the regulations of the University of South Florida (IACUC #1594).
Tissue collection
All animals were weighed, anesthetized with barbiturates, and transcardially perfused with 25 ml of 0.9% saline. The saline perfused unfixed brain from each animal was rapidly removed and transferred to cold saline. The frontal cortex, whole hippocampus, parahippocampal region (containing the entorhinal, perirhinal, and postrhinal cortices), striatum, thalamus, and cerebellum were then dissected freshly on ice from each hemisphere. Procedures for the tissue dissections were based on the studies of Hortnagl et al. (1991 ), Burwell (2001 and Bergin et al. (2018) . The brain tissue samples were snap-frozen and stored at − 80 °C, and then freighted (on dry ice) from the University of South Florida, USA to the University of Otago, New Zealand.
Neurochemical procedures
All the snap-frozen samples were weighed, homogenized in ice-cold 10% perchloric acid (~ 50 mg wet weight per ml), and centrifuged at 10,000 g for 10 min to precipitate protein (Bergin et al. 2018) . The perchloric acid extracts (supernatants) were then stored at − 80 °C until the high-performance liquid chromatography (HPLC) and liquid chromatography/ mass spectrometric (LC/MS) assays.
The concentrations of l-arginine, l-citrulline, l-ornithine, glutamine, glutamate, GABA, spermidine, and spermine in each brain region were measured using the HPLC method, whereas the agmatine and putrescine levels were determined by a highly sensitive LC/MS/MS method, as detailed in our previous publications (Gupta et al. 2012; Liu et al. 2014 Liu et al. , 2016 Bergin et al. 2018) . High-purity external and internal standards (Sigma, Sydney, Australia) were used and all other chemicals were of analytical grade. For each brain region, the samples from both the WT and PS19 groups at all three age points were assayed at the same time in a counterbalanced manner, and the assays were performed in duplicate. The concentrations of l-arginine and its downstream metabolites in the brain tissue were calculated with reference to the peak area of external standards, and values were expressed as μg/g wet tissue (Gupta et al. 2012; Liu et al. 2014 Liu et al. , 2016 Bergin et al. 2018) . Experimenters were blind to the grouping information during the tissue preparation and assays.
Statistical analysis
Neurochemical data were analyzed using two-way analysis of variance (ANOVA) followed by Bonferroni post-hoc tests, as the samples from all three age groups were assayed at the same time. Statistical analysis was performed using Graphpad Prism software, and all data were presented as mean ± SEM. The level of significance was set at p ≤ 0.05 for all comparisons (Zolman 1993) .
Results
Both HPLC and LC/MS assays were used to quantify the tissue concentrations of l-arginine and its downstream metabolites (l-citrulline, l-ornithine, glutamine, glutamate, GABA, agmatine, putrescine, spermidine, and spermine) in the frontal cortex, hippocampus, parahippocampal region, striatum, thalamus, and cerebellum obtained from both the WT and PS19 mice at 4, 8, and 12-14 months of age.
Frontal cortex
For l-arginine ( Fig. 2a ) and l-citrulline (Fig. 2b) , twoway ANOVA revealed a significant genotype x age interaction (l-arginine: F(2,45) = 3.31, p = 0.046; l-citrulline: F(2,45) = 4.85, p = 0.013), but no effect of genotype (all F < 1) or age (l-arginine: F(2,45) = 2.59, p = 0.086; l-citrulline: F(2,45) = 2.42, p = 0.11). For l-ornithine (Fig. 2c) , interestingly, there was a highly significant effect of genotype [F(1,45) = 20.59, p < 0.0001], but no effect of age [F(2,45) = 2.28, p = 0.11] or genotype x age interaction (F < 1), with higher levels in PS19 mice relative to the WT mice at all three ages (approximately 35-40% increase; all p < 0.05). For glutamine (Fig. 2d) , there was no effect of genotype, age or genotype x age interaction (all F ≤ 1). For glutamate ( Fig. 2e ), there were significant effects of genotype [F(1,45) = 4.21, p = 0.046], age [F(2,45) = 9.21, p = 0.0005], and genotype × age interaction [F(2,45) = 4.41, p = 0.018], with lower levels in PS19 mice at 8 and 12-14 months of age relative to their age-matched WT mice (about 10-15% decrease; all p < 0.05). When the glutamine and glutamate ratio was analyzed ( Fig. 2g) , there was no significant effect of genotype (F < 1), age (F < 1), or genotype × age interaction [F(2,45) = 2.93, p = 0.064]. However, a planned comparison revealed a higher glutamine/glutamate ratio in PS19 mice relative to WT mice at 12-14 months of age (20% increase; p < 0.001). Regarding GABA (Fig. 2f ) and glutamate/ GABA ratio ( Fig. 2h ), there were significant effects of age [GABA: F(2,45) = 5.75, p = 0.006; glutamate/GABA ratio: F(2,45) = 7.55, p = 0.0015], but not genotype or genotype x age interaction (all F < 1), with a trend of lower GABA level or higher glutamate/GABA ratio in 8-month WT and PS19 mice. For agmatine (Fig. 2i ) and spermidine ( Fig. 2k) , we found significant effects of age [agmatine: F(2,45) = 3.66, p = 0.034; spermidine: F(2,45) = 4.81, p = 0.0013], but not genotype or genotype x age interaction (all F < 1), with a trend of lower agmatine levels in 8-month WT and PS19 mice and increased spermidine levels with age in both groups. When putrescine was analysed (Fig. 2j ), there were significant effects of genotype [F(1,45) = 5.56, p = 0.023], age [F(2,45) = 12, p < 0.0001], and genotype × age interaction [F(2,45) = 18.78, p < 0.0001], with PS19 mice showing reduced (40% decrease; p < 0.05), but increased (135% increase; p < 0.001), putrescine levels at 4 and 12-14 months of age, respectively. For spermine (Fig. 2l ), we observed a significant effect of genotype [F(1,45) = 5.09, p = 0.029], but no age effect or genotype × age interaction (all F < 1), with a trend of lower levels in the PS19 group at all three ages.
Hippocampus
Regarding l-arginine (Fig. 3a) , there were significant effects of genotype [F(1,45) = 20.79, p < 0.0001] and genotype x age interaction [F(2,45) = 5.57, p = 0.007], but no age effect [F(2,45) = 2.09, p = 0.14], with higher levels in 12-14-month-old PS19 mice relative to their age-matched WT mice (48% increase; p < 0.0001). For l-citrulline (Fig. 3b) , we observed a significant effect of age [F(2,45) = 4.17, p = 0.022], but no genotype effect or genotype x age interaction (all F ≤ 1), with a trend of reduced levels with age in both genotype groups. For l-ornithine (Fig. 3c) , two-way ANOVA revealed significant effects of genotype [F(1,45) = 26.13, p < 0.0001] and age [F(2,45) = 6.92, p = 0.0024], as well as their interaction [F(2,45) = 3.31, p = 0.046], with higher levels in PS19 mice at 4 (16% increase; p = 0.05), 8 (37% increase; p < 0.01), and 12-14 (58% increase; p < 0.001) months of age. There were 
glutamate (e), GABA (f), glutamine/glutamate ratio (g), glutamate/GABA ratio (h), agmatine (i), putrescine (j), spermidine (k), and spermine (l) in the frontal cortex from the wildtype and PS19 mice at 4, 8, and 12-14 months of age (n = 8-11/genotype/age). Asterisks indicate significant differences between groups at *p < 0.05 or ***p < 0.001 no effects of genotype and age, as well as their interaction, in glutamine (all F < 1; Fig. 3d ). For glutamate (Fig. 3e) , we found significant effects of age [F(2,45) = 15.93, p < 0.0001] and genotype × age interaction [F(2,45) = 5.61, p = 0.0069], but no genotype effect (F = 1), with overall reduced levels with age in both genotype groups, and higher and lower levels in 4-(20% increase; p < 0.05) and 12-14 (about 30% decrease; p < 0.05)-month PS19 mice, respectively, when compared to their age-matched WT controls. As for GABA (Fig. 3f) , there was a significant effect of age [F(2,45) = 7.11, p = 0.002], but no genotype effect or genotype x age interaction (all F = 1), with a trend of reduced levels with age in both genotype groups. When the glutamine/glutamate ratio was analysed (Fig. 3g) , we observed significant effects of genotype [F(1,45) = 8.22, p = 0.006) and age [F(2,45) = 15.89, p < 0.0001] and their interaction [F(2,45) = 11.02, p < 0.0001], with markedly increased levels in 12-14-month-old PS19 mice relative to their age-matched WT mice (30% increase; p < 0.0001). Regarding the glutamate/GABA ratio (Fig. 3h) , there were significant effects of age [F(2,45) = 27.59, p < 0.0001] and genotype x age interaction [F(2,45) = 7.41, p = 0.0017], but
glutamate (e), GABA (f), glutamine/glutamate ratio (g), glutamate/GABA ratio (h), agmatine (i), putrescine (j), spermidine (k), and spermine (l) in the hippocampus from the wildtype and PS19 mice at 4, 8, and 12-14 months of age (n = 8-11/genotype/age). Asterisks indicate significant differences between groups at *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 no genotype effect (F < 1), with higher and lower levels in 4-(16% increase; p < 0.05) and 12-14 (26% decrease; p < 0.01)-month PS19 mice, respectively, when compared to their age-matched WT controls. For agmatine (Fig. 3i) , there was a significant effect of age [F(2,45) = 6.68, p = 0.029], but no effect of genotype [F(1,45) = 31.12, p = 0.084] or genotype × age interaction [F(2,45) = 1.38, p = 0.26), with an overall reduction with age in both genotype groups. When putrescine was analysed (Fig. 3j) , we found significant effects of genotype [F(1,45) = 25.65, p < 0.0001) and age [F(2,45) = 25.42, p < 0.0001) and their interaction [F(2,45) = 14.07, p < 0.0001), with higher levels in PS19 mice at 8 (76% increase; p = 0.05] and 12-14 (208% increase; p < 0.0001) months of age relative to their agematched WT mice. For spermidine (Fig. 3k) (Fig. 3l) , we observed significant effects of genotype [F(1,45) = 7.68, p = 0.008] and age [F(2,45) = 7.43, p = 0.0018], but no interaction (F = 1), with a trend of lower levels in 8-(22% decrease) and 12-14 (18% decrease)-month-old PS19 mice.
Parahippocampal region
For l-arginine (Fig. 4a) , there was a significant genotype effect [F(1,45) = 5.03, p = 0.03], but no age effect or genotype x age interaction (all F < 1), with a trend of higher levels in PS19 mice at 4 and 12-14 months of age relative to their age-matched controls. For L-citrulline (Fig. 4b) , we observed a significant genotype effect [F(1,45) = 8.81, p = 0.0048] and genotype × age interaction [F(2,45) = 15.03, p < 0.0001], but no age effect [F(2,45) = 2.07, p = 0.14], with lower levels in 12-14-month-old PS19 mice when compared to the age-matched WT mice (30% decrease; p < 0.0001). Regarding l-ornithine (Fig. 4c) , there were significant effects of genotype [F(1,45) = 21.43, p < 0.0001] and age [F(2,45) = 3.96, p = 0.026], but no genotype x age interaction (F < 1), with higher levels in 4-(30% increase), 8-(all p < 0.01), and 12-14 (p < 0.05)-month-old PS19 mice relative to their age-matched WT mice. For glutamine (Fig. 4d) , there was no effect of genotype [F(1,45) = 3.31, p = 0.075], age (F < 1) or genotype x age interaction (F < 1). For glutamate (Fig. 4e) , we found significant effects of genotype [F(1,45) = 21.17, p < 0.0001), age [F(2,45) = 4.85, p = 0.0012], and genotype × age interaction [F(2,45) = 12.53, p < 0.0001], with lower levels in PS19 mice at 8 (10% decrease; p < 0.05) and 12-14 (25% decrease; p < 0.0001) months of age. Regarding GABA (Fig. 4f) and glutamine/ glutamate ratio (Fig. 4g) , there were no effects of genotype, age, and genotype × age interaction (all F ≤ 1). When the glutamate/GABA ratio was analysed (Fig. 4h) , we observed significant effects of age [F(2,45) = 5.62, p = 0.0066], but not genotype [F(2,45) = 3.18, p = 0.08] or genotype × age interaction (F = 1). There were no significant effects of genotype, age, and genotype × age interaction (all F ≤ 1) in agmatine ( Fig. 4i) and spermidine (Fig. 4k) . When putrescine was analysed (Fig. 4j) , we found significant effects of genotype [F(1,45) = 11.72, p = 0.0013], age [F(2,45) = 15.89, p < 0.0001], and genotype x age interaction [F(2,45) = 5.53, p = 0.007], with higher levels in 8-(63% increase; p = 0.05) and 12-14 (76% increase; p < 0.01)-month-old PS19 mice relative to their age-matched WT mice. Regarding spermine (Fig. 4l) , there were no significant effects of genotype [F(1,45) = 3.39, p = 0.072], age (F < 1), and genotype x age interaction [F(1,45) = 2.86, p = 0.068]. A planned comparison, however, indicated markedly reduced spermine levels in 12-14-month-old PS19 mice relative to their age-matched WT mice (24% decrease; p < 0.01).
Striatum
We found no effects of genotype, age, and their interaction in l-arginine (Fig. 5a) , glutamine (Fig. 5d) , GABA ( Fig. 5f) , spermidine (Fig. 5k) , and spermine ( Fig. 5l ) (all F ≤ 1). For L-citrulline (Fig. 5b) , there was a significant genotype x age interaction [F(2,45) = 4.54, p = 0.016], but no effect of genotype or age (all F ≤ 1). Post-hoc test indicated a lower level of L-citrulline in 12-14-month PS19 mice relative to controls (18% decrease; p < 0.05). Regarding l-ornithine (Fig. 5c ), we observed a significant genotype effect [F(1,45) = 5.97, p = 0.018), but no age effect [F(2,45) = 2.92, p = 0.065] or genotype × age interaction (F < 1), with higher levels in 4-month PS19 mice when compared to their age-matched controls (27% increase; p < 0.01). For glutamate (Fig. 5e) , there was a significant genotype × age interaction [F(2,45) = 6.35, p = 0.0037], but no effect of genotype [F(1,45) = 2.90, p = 0.095] or age (F = 1), with lower levels in 12-14-month PS19 mice relative to controls (18% decrease; p < 0.01). Regarding the glutamine/glutamate ratio (Fig. 5g) , we found a significant genotype x age interaction F(2,45) = 3.21, p = 0.049), but no genotype, or age effect (all F ≤ 1), with a higher value in 12-14-month PS19 mice (21% increase; p < 0.01). For the glutamate/GABA ratio (Fig. 5h) , there was a significant effect of genotype [F(2,45) = 7.19, p = 0.01], but no age effect (F = 1) or genotype x age interaction [F(2,45) = 2.59, p = 0.086], with a lower value in 12-14-month PS19 mice when compared to their age-matched WT controls (19% decrease; p < 0.05). Regarding agmatine (Fig. 5i) , we observed a significant effect of age [F(2,45) = 8.40, p = 0.0008], but no genotype effect or its reaction with age (all F = 1), with a trend of age-related reduction in both genotypes. When putrescine was analysed (Fig. 5j) , there were significant effects of genotype [F(1,45) = 8.91, p = 0.0046] and age [F(2,45) = 25.56, p < 0.0001], but no interaction (F < 1), with higher levels in PS19 mice at 4 (29% increase) and 12-14 (31% increase) months of age relative to their age-matched WT controls (all p < 0.05).
Thalamus
There were no effects of genotype and age and their interaction in l-arginine (Fig. 6a) , l-citrulline (Fig. 6b) , l-ornithine (Fig. 6c) , glutamine (Fig. 6d) , glutamate (Fig. 6e) , glutamine/glutamate ratio (Fig. 6g) , glutamate/ GABA ratio (Fig. 6h) , agmatine (Fig. 6i) , and spermidine , l-ornithine (c), glutamine (d), glutamate (e), GABA (f), glutamine/glutamate ratio (g), glutamate/GABA ratio (h), agmatine (i), putrescine (j), spermidine (k), and spermine (l) in the parahippocampal region from the wild-type and PS19 mice at 4, 8, and 12-14 months of age (n = 8-11/genotype/age). Asterisks indicate significant differences between groups at *p < 0.05, ** p < 0.01, or ****p < 0.0001 (Fig. 6k ). For GABA (Fig. 6f) , we observed a significant genotype × age interaction [F(2,45) = 3.50, p = 0.038], but no genotype or age effect (all F ≤ 1). When putrescine was analysed (Fig. 6j) , there were significant effects of genotype [F(1,45) = 5.40, p = 0.025] and age [F(2,45) = 13.53, p < 0.0001] and their interaction [F(2,45) = 6.74, p = 0.0028], with higher levels in PS19 mice at 8 (37% increase) and 12-14 (51% increase) months of age relative to their age-matched WT controls (all p < 0.05). Regarding spermine (Fig. 6l) , we found a significant genotype x age interaction [F(2,45) = 3.38, p = 0.043], but no effect of genotype (F < 1) or age [F(2,45) = 53, p = 0.06]. , l-ornithine (c), glutamine (d), glutamate (e), GABA (f), glutamine/glutamate ratio (g), glutamate/GABA ratio (h), agmatine (i), putrescine (j), spermidine (k), and spermine (l) in the striatum from the wild-type and PS19 mice at 4, 8, and 12-14 months of age (n = 8-11/genotype/ age). Asterisks indicate significant differences between groups at *p < 0.05, **p < 0.01
Cerebellum
There were significant genotype effect [F(1,45) = 7.69, p = 0.008] and genotype × age interaction [F(2,45) = 6.54, p = 0.003], but no age effect (F < 1), in l-arginine (Fig. 7a) , with higher levels in 4-(32% increase; p < 0.01) and 12-14 (20% increase; p < 0.05)-month PS19 mice relative to their age-matched WT controls. For l-citrulline (Fig. 7b) , we observed significant genotype [F(1,45) = 4.82, p = 0.03] and age [F(2,45) = 6.71, p = 0.0028] effects and their interaction [F(2,45) = 13.08, p < 0.0001], with higher levels in 4-month-old PS19 mice (23% increase; p < 0.001). There were no significant genotype and age effects and their interaction in l-ornithine (Fig. 7c) and glutamine (Fig. 7d) . A Fig. 6 Mean (± SEM) levels of l-arginine (a), l-citrulline (b), l-ornithine (c), glutamine (d), glutamate (e), GABA (f), glutamine/glutamate ratio (g), glutamate/GABA ratio (h), agmatine (i), putrescine (j), spermidine (k), and spermine (l) in the thalamus from the wild-type and PS19 mice at 4, 8, and 12-14 months of age (n = 8-11/genotype/ age). Asterisks indicate significant differences between groups at *p < 0.05 planned comparison, however, revealed higher l-ornithine levels in 4-month PS19 mice relative to their agematched WT mice (22% increase; p < 0.05). For glutamate (Fig. 7e) , we found significant age effect [F(2,45) = 4.59; p = 0.015] and genotype × age interaction [F(2,45) = 18.07, p < 0.0001], but no genotype effect (F = 1), with higher levels in 4-month PS19 mice (22% increase; p < 0.01) but lower levels in 8-(11% decrease; p < 0.05) and 12-14 (20% decrease; p < 0.001)-month-old PS19 mice relative to their age-matched WT controls. Regarding GABA (Fig. 7f) , there was a significant genotype × age interaction [F(2,45) = 8.03, p = 0.001), but no genotype or age effect (all F < 1), with higher and lower levels in 4-(24% increase; p < 0.01) and 8 (20% decrease; p < 0.05)-month PS19 mice, respectively, Fig. 7 Mean (± SEM) levels of l-arginine (a), l-citrulline (b), l-ornithine (c), glutamine (d), glutamate (e), GABA (f), glutamine/glutamate ratio (g), glutamate/GABA ratio (h), agmatine (i), putrescine (j), spermidine (k), and spermine (l) in the cerebellum from the wild-type and PS19 mice at 4, 8, and 12-14 months of age (n = 8-11/genotype/ age). Asterisks indicate significant differences between groups at *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 when compared to their age-matched WT controls. When the glutamine/glutamate ratio was analysed (Fig. 7g) , there were no genotype and age effects (all F < 1) and their interaction [F(2,45) = 2.61, p = 0.08]. A planned comparison, however, revealed a higher ratio in the 12-14-month-old PS19 mice relative to their age-matched WT controls (22% increase; p < 0.0001). Regarding the glutamate/GABA ratio (Fig. 7h) , we found a significant genotype × age interaction [F(2,45) = 3.31, p = 0.046], but no genotype or age effect (all F ≤ 1). For agmatine (Fig. 7i) , there was a significant genotype × age interaction [F(2,45) = 5.12, p = 0.01), but no genotype [F(1,45) = 3.33, p = 0.07] or age (F ≤ 1) effect, with markedly reduced agmatine levels in 4-month PS19 mice when compared with their age-matched WT mice (34% decrease; p < 0.001). When putrescine was analysed (Fig. 7j) , we found significant effects of genotype [F(1,45) = 5.97, p = 0.018], age [F(2,45) = 3.58, p = 0.036] and their interaction [F(2,45) = 6.67, p = 0.003], with reduced levels in 4 (26% decrease; p = 0.05), but increased levels in 8 (85% increase; p < 0.01) and 12-14 (39% increase; p < 0.05) months, of PS19 mice. Regarding spermidine (Fig. 7k) and spermine ( Fig. 7l) , there were no significant effects of genotype, age, and their interaction (all F ≤ 1).
Discussion
l-Arginine is a versatile amino acid with a number of bioactive metabolites, and polyamines are critically involved in microtubule assembly and stabilization (Savarin et al. 2010; Hamon et al. 2011; Song et al. 2013) . Recent research has implicated altered arginine metabolism in the pathogenesis of AD (Inoue et al. 2013; Liu et al. 2014) . The present study, for the first time, systematically investigated the time course of the arginine metabolic profile changes in the frontal cortex, hippocampus, parahippocampal region, striatum, thalamus, and cerebellum in PS19 tau mice at 4, 8, and 12-14 months of age. As compared to their wildtype littermates, PS19 mice displayed altered brain arginine metabolism in a region-specific and age-dependent manner.
As illustrated in Fig. 1 , l-arginine can be metabolized by NOS, arginase, and ADC to produce l-citrulline (and NO), l-ornithine (and urea), and agmatine, respectively. It has been shown that NOS has an approximately 1000-fold greater affinity for l-arginine than arginase, and endogenous agmatine levels in the mammalian brain are only about 1.5-3.0 nmol per gram of tissue (0.2-0.4 μg/g) (Li et al. 1994; Wu and Morris 1998) , suggesting the predominance of the NOS pathway under physiological situations. In the present study, PS19 mice displayed significantly increased levels of l-arginine in the hippocampus and cerebellum at 4 (cerebellum) and 12-14 (both regions) months of age, and increased levels of l-citrulline in the cerebellum, but reduced levels in the hippocampus and striatum at 4 and 12-14 months of age, respectively. Argininosuccinate synthetase (ASS) and argininosuccinate lyase (ASL) are responsible for recycling l-citrulline to l-arginine ( Fig. 1 ; Wu and Morris 1998; Wiesinger 2001; Morris 2006) . It is currently unclear whether increased l-arginine in the PS19 hippocampus and cerebellum is due to the up-regulation of ASS and ASL. Regarding l-ornithine, interestingly, we observed long-lasting increases in the frontal cortex, hippocampus, and parahippocampal region of PS19 mice at all three age points, although a transient increase in the striatum and cerebellum at 4 months of age. For agmatine, the only significant change observed was reduced levels in the cerebellum of PS19 mice at 4 months of age. While the results demonstrate that MAPT P301S mutation affected multiple metabolic pathways of l-arginine in a region-specific manner, more genotype-related changes in l-ornithine (either long-lasting or transient), however, indicate that the arginase pathway appeared to be affected severely in PS19 mice.
It should be noted that L-citrulline can also be produced from l-ornithine by ornithine transcarbamylase (OTC; Wu and Morris 1998; Wiesinger 2001) . OTC, ASS, ASL, and arginase, along with carbamyl phosphate synthetase-I (CPS-I), are the five enzymes of the urea cycle, which dispose of toxic ammonia in the nontoxic and readily excretable form of urea (Morris 2002) . The urea cycle is primarily expressed in the liver, and normal brains lack OTC hence do not have a complete urea cycle (Felipo and Butterworth 2002; Wiesinger 2001) . Under physiological conditions, brain ammonia is metabolized almost exclusively to glutamine-by-glutamate synthetase (GS) (Wiesinger 2001) . Ammonia is produced excessively in the brains of AD patients (Fisman et al. 1985; Seiler 2002) . There is evidence suggesting the presence of OTC in AD brains (Bensemain et al. 2009; Cicolini et al. 2016) , and the induction of the complete urea cycle perhaps aims to cope with excessive ammonia. As to PS19 mice, it is currently unclear whether the complete urea cycle is present in the brain, and how L-citrulline would be affected. Due to the lack of tissue, unfortunately, the present study was unable to investigate how the activity and/or protein expression of NOS, arginase and other urea cycle enzymes changed in the brain of PS19 mice, which remains to be addressed in future research.
l-Ornithine can be metabolized to glutamate and putrescine via two different pathways ( Fig. 1 ; Wu and Morris 1998) . At 4 months of age, PS19 mice displayed increased glutamate levels in the hippocampus and cerebellum, however, with no change or reduced levels in putrescine, suggesting l-ornithine being channelled to glutamate. At this early age point, we also found increased GABA levels and glutamate/GABA ratio (indicating increased neuronal excitability) in the PS19 cerebellum and hippocampus, respectively, which may contribute to the documented early synapse loss and synaptic dysfunction to a certain extent (Yoshiyama et al. 2007) . At 8 and 12-14 months of age, interestingly, there were reduced glutamate, but increased putrescine, levels in PS19 mice for all six regions (except for glutamate in the thalamus), indicating an age-related shift of channelling l-ornithine to produce putrescine. Crescenzi et al. (2014) reported reduced glutamate levels in the CA (29%), but not the dentate gyrus, sub-regions of the hippocampus in 20-month PS19 mice using proton magnetic resonance spectroscopy. The present study found a 30% reduction in glutamate in the whole hippocampus of 12-14-month PS19 mice, which appears to be consistent with this earlier report.
Glutamate is considered a downstream metabolite of l-arginine, as l-ornithine can be channelled to produce glutamate (Wu and Morris 1998) . It should be noted, however, that in the brain, glutamate can also be synthesized from glutamine by glutaminase in neurons, taken up into astrocytes after released from the synaptic terminals and converted into glutamine by GS, and glutamine is then transported to the neurons and reused to generate glutamate (for a review see Bak et al. 2006 ). This so-called glutamate-glutamine cycle has been considered to be an important constituent of the glutamatergic neurotransmission system (for a review, see Albrecht et al. 2010) . In the present study, there were increased glutamine/glutamate ratios in 12-14-month-old PS19 mice in the 5 out of 6 brain regions examined, indicating that tau accumulation significantly affects the glutamate-glutamine relationship in the brain with age. Herbron et al. (2018) produced TauP301L mice with a widespread tau accumulation in the brain by crossbreeding male and female hemizygous rTg4510 mice under the control of prion protein promotor. Interestingly, 13 C/ 1 H magnetic resonance spectroscopy revealed that TauP301L mice at 2-3 months of age displayed increased glutamate and GABA levels, but decreased glutamine levels, in the brainstem and striatal extracts when compared to the other genotype groups. Moreover, tau expression appeared to affect neuronal-astrocytic metabolism of aspartate, another excitatory amino acid in the central nervous system. These findings demonstrate that tau accumulation in the brain may trigger glutamate toxicity and astrocytic dysfunction in TauP301L mice, which may also apply to PS19 mice. Future research is required to test whether this is the case.
To the best of our knowledge, there is no previous research on polyamines in PS19 mice. As illustrated in Fig. 1 , polyamines can be produced by two pathways: de novo synthesis and retro-conversion or catabolic pathways. Putrescine can be produced from l-ornithine by ODC and agmatine by agmatinase, as well as spermidine via the polyamine retro-conversion enzymes spermidine/spermine N-acetyltransferase (SSAT) and polyamine oxidase (PAO) that produce acetylated polyamines (Wallace et al. 2003; Seiller 2004) . Spermidine synthase converts putrescine to spermidine, which is then metabolized to spermine by spermine synthase. Spermine can be retro-converted to spermidine by spermine oxidase (SMOX) in addition to SSAT and PAO (Fig. 1) . It has been shown that the de novo pathway is the safest way for the production of polyamines, whereas the retro-conversion pathway is the main source of toxic metabolites along with production of polyamines (Seiller 2004) . In the present study, PS19 mice at 12-14 months of age displayed increased levels of putrescine in all six brain regions examined, however, accompanied with increased, decreased, or unaltered spermidine and spermine, clearly showing no parallel changes across the three polyamines. Since there were no genotype-related changes in agmatine (in all regions) and spermidine (except for the hippocampus), higher levels of putrescine seen in PS19 mice are likely sourced from l-ornithine via ODC (Fig. 1) . However, a systematic investigation is certainly required in the future to fully understand how the de novo synthesis and retroconversion pathways of polyamines change in the brain of PS19 mice.
Putrescine, spermidine, and spermine are critical for cell proliferation and differentiation, synthesis of DNA, RNA, and proteins, protein phosphorylation, signal transduction, as well as the regulation of neurotransmitter receptors (for reviews, see Williams 1997; Wallace 2000; Oredsson 2003) . Polyamines modulate learning and memory by interacting with the polyamine binding site at the NMDA receptors, with spermidine and spermine being the positive modulators and putrescine as a negative influencer (Williams et al. 1991; Rock and Macdonald 1995; Williams 1997) . There is evidence suggesting an important role of polyamines (particularly putrescine) in adult neurogenesis (Malaterre et al. 2004) . Therefore, the high levels of putrescine in the brain of PS19 mice observed in the present study may have a significant impact on NMDA receptor function and hippocampal neurogenesis, which need to be addressed in future research. Table 1 summarizes the changes of l-arginine and its downstream metabolites in the six brain regions of PS19 mice at 4, 8, and 12-14 months of age relative to their agematched wild-type controls. Across the multiple metabolic pathways of l-arginine, the most striking changes were l-ornithine, glutamate, and putrescine, with mild changes in other metabolites in PS19 mice. Regarding the genotype effects in l-ornithine, there were early and persistent increases in the frontal cortex, hippocampus, and parahippocampal region, but transient increases or no change in the striatum, thalamus, and cerebellum. For glutamate, a clear shift from increases or no change at the early age point to decreases at the older age point was seen in five brain regions (except for the thalamus). Regarding putrescine, remarkably, age-related and genotype-specific increases were present in all six brain regions examined. These findings show clearly that the arginine metabolic profile changes in PS19 mice are region-specific with more and consistent changes in the frontal cortex, hippocampus, and parahippocampal region, and very few to a few changes in the thalamus and striatum. The cerebellum is a brain region that contributes to motor control and the procedural aspect of spatial learning (Lalonde and Strazielle 2003; Petrosini 2007) . Interestingly, the cerebellum displayed the most of the neurochemical changes (such as increased l-arginine, l-citrulline, l-ornithine glutamate, and GABA levels and decreased agmatine and putrescine levels) in PS19 mice at 4 months of age. These changes may have a significant impact on the cerebellar function and hence contribute to behavioral alterations seen in PS19 mice at 4 months of age (López-González et al. 2015) .
In summary, the present study, for the first time, systematically determined the time course of the arginine metabolic profile changes in the frontal cortex, hippocampus, parahippocampal region, striatum, thalamus, and cerebellum in PS19 mice-bearing human MAPT P301S mutation. While the nature of the study is descriptive, the results demonstrate a clear shift of l-arginine metabolism to favor the polyamine production in the brain of PS19 mice along with age-related changes in glutamate, which forms a scientific basis for future research to explore the underlying mechanisms and the functional significance of these changes.
Neuronal microtubules support intracellular transport and neuronal connections, and polyamines are critically involved in microtubule assembly and stabilization (Savarin et al. 2010; Hamon et al. 2011; Song et al. 2013) . Accumulation and aggregation of misfolded proteins are hallmarks of neurodegenerative diseases, such as AD, FTD, and prion diseases. Interestingly, spermine increases the acetylation of microtubules (enhancing microtubule stability) and facilitates autophagic degradation of prion aggregates (Phadwal et al. 2018) . Our preliminary work has demonstrated that polyamines (spermine in particular) decrease tau aggregation and promote microtubule assembly (Hunt et al. 2015b ). Moreover, sustained arginase I overexpression (hence more l-ornithine and polyamines) reduces tau pathology and mitigates hippocampal atrophy in rTg4510 tau mice (Hunt et al. 2015a) . Taken together, we speculate that shifting l-arginine metabolism to favor the polyamine pathway is a protective mechanism aiming to curtail tau pathology. However, there were reduced spermine levels or no change in the brain of PS19 mice, indicating that the system failed to produce more spermine in the presence of high levels of putrescine. Future research will investigate how the enzymes involved in the biosynthesis and retro-conversion of spermine change in the brain of PS19 mice, and explore the preventive and/or therapeutic value of spermine in tauopathies. Since PS19 mice express P301S mutant tau and model human frontotemporal lobar degeneration (López-González et al. 2015) , there is research underway to understand how the brain arginine metabolism changes in FTD patients. Table 1 Summary of the neurochemical changes in PS19 mice relative to WT mice AGM Agmatine, ARG l-arginine, CIT l-citrulline, GABA γ-aminobutyric acid, GLN glutamine, GLN/GLUT glutamine/glutamate ratio, GLUT/ GABA glutamate/GABA ratio, ORN l-ornithine, PUT putrescine, SPD spermidine, SPM spermine 
